Scope: The molecular mechanisms whereby gallates in green tea exert metabolic effects are poorly understood. Methods and results: We found that GPRC6A, a multi-ligand-sensing G-protein-coupled receptor that regulates energy metabolism, sex hormone production, and prostate cancer progression, is a target for gallates. Sodium gallate (SG), gallic acid (GA) > ethyl gallate (EG) > octyl gallate (OG) dose dependently activated ERK in HEK-293 cells transfected with GPRC6A but not in non-transfected controls. SG also stimulated insulin secretion in β-cells isolated from wild-type mice similar to the endogenous GPRC6A ligands, osteocalcin (Ocn) and testosterone (T). Side-chain additions to create OG resulted in loss of GPRC6A agonist activity. Another component of green tea, epigallocatechin 3-gallate (EGCG), dose-dependently inhibited Ocn activation of GPRC6A in HEK-293 cells transfected with GPRC6A and blocked the effect of Ocn in stimulating glucose production in CH10T1/2 cells. Using structural models of the venus fly trap (VFT) and 7-transmembrane (7-TM) domains of GPRC6A, calculations suggest that l-amino acids and GA bind to the VFT, whereas EGCG is calculated to bind to sites in both the VFT and 7-TM. Conclusion: GA and EGCG have offsetting agonist and antagonist effects on GPRC6A that may account for the variable metabolic effect of green tea consumption.
Introduction
Green tea (Camellia sinensis L.) consumption is reported to have multiple health benefits, including reducing the risks for developing metabolic syndrome (MetS), type 2 diabetes (T2D), and prostate cancer (PCa), as well as many others. [2] [3] [4] [5] [6] [7] [8] [9] Gallates represent 50% of the naturally occurring polyphenolic compounds in [1, 10] Two important bioactive components of green tea, gallic acid (GA; 3,4,5-trihydroxybenzoic acid) and epigallocatechin 3-gallate [EGCG; (2R,3R)-2-(3,4,5-tryhydroxyphenyl)-3,4-dihydro-1 (2H)-benzopyran-3,5,7-triol 3-(3,4,5-trihydroxybenzoate)], are best studied. GA and EGCG are both reported to have beneficial effects on MetS. [11] GA administration induces weight loss, improves glucose tolerance, lowers triglyceride concentrations, and increases insulin sensitivity after GA in preclinical models of T2D. [12] [13] [14] [15] [16] GA administration to humans also has anti-obesity effects. [17] The oral administration of EGCG also decreases blood glucose, improves lipid parameters, and reduces inflammatory cytokines in preclinical models of MetS. [18, 19] EGCG also regulates mitochondrial biogenesis, ATP production, and apoptosis. [20] GA and EGCG also have chemopreventive effects on multiple cancer cell lines [19, 21] and antioxidant properties. [22] EGCG inhibits PCa cell growth in xenograft models and is associated with a reduced risk of PCa in men. [23] [24] [25] Overall, human studies using these green tea-derived compounds have not been as successful as in vitro and animal studies. [4, 26] There are issues of stability and bioavailability of EGCG, which undergoes metabolism to GA in the gut, so it is unclear if the beneficial metabolic effects of EGCG are due to EGCG or GA. [27, 28] The effects of GA and EGCG on metabolism and PCa are controversial, with some studies showing a benefit and others reporting no effects. [29, 30] In order to understand the potential health benefits of green tea, and the variability in the therapeutic effects of green tea, the molecular mechanisms mediating these metabolic and anti-cancer effects of EGCG and GA need to be defined.
GPRC6A, a family C, nutrient G-protein-coupled receptor, is a potential molecular target for components of green tea. GPRC6A is derived from distinct domains created by fusion of a periplasmic nutrient venus fly trap (VFT) motif with a classical 7-transmembrane (7-TM) domain. Computational structural models of the 7-TM domain have, in combination with experiment, defined the structural basis for direct binding of T and www.advancedsciencenews.com www.mnf-journal.com Ocn to GPRC6A. [31] In contrast to T and Ocn, l-amino acids and cations are sensed by the VFT. [31, 32] The possibility that GPRC6A may be a target for the polyphenolic gallates is suggested by our recent findings that di-phenolic selective androgen modulators (SARMS) activate GPRC6A. [32] Moreover, the biological functions of GPRC6A are remarkably similar to those purported for GA and EGCG. Indeed, GPRC6A has been implicated in a variety of health conditions, ranging from being a potential target for treating T2D and MetS, to playing a role in PCa progression. [33] GPRC6A is expressed in key metabolic tissues, where it regulates glucose and fat metabolism. [34] [35] [36] [37] [38] [39] [40] Ablation of Gprc6a in mice results in obesity, glucose intolerance, hepatic steatosis, and insulin resistance, [41] and deletion of Ocn, a natural ligand for GPRC6A, leads to a metabolic phenotype identical to Gprc6a −/− mice. [42] Administration of Ocn improves glucose tolerance, increases insulin sensitivity, β-cell mass, and insulin secretion, reduces fat, increases muscle mass, and reverses hepatosteatosis in mice fed high fat diets. [36, 43] Ablation of GPRC6A attenuates, whereas Ocn administration exacerbates, PCa progression in xenograft models. [44] In this study, we used a combination of functional studies and computational molecular dynamics-based docking using structural models of both VFT and 7-TM domains to investigate the effects of GA and EGCG on GPRC6A activation.
Experimental Section

Reagents
Curcumin, GA, sodium gallate, EG, octyl gallate (OG), catechin, catechin gallate, epigallocatechin, epigallocatechin gallate, testosterone (T), l-arginine, and insulin were purchased from Sigma.
Osteocalcin (Ocn) was purified from bovine tibial bone extracts. [45] Decarboxylated Ocn was produced by treating Ocn in vacuo at 110°C. [46] The purity and decarboxylation state were confirmed by native gel electrophoresis, or by blotting followed by reaction with DBS staining for γ -carboxyglutamic acid. [47] 
Cell Culture
All culture reagents were from Invitrogen. Human embryonic kidney HEK-293 cells were obtained from American Type Culture Collection. HEK-293 cells stably transfected with pcDNA3.mGPRC6A (with Myc-tagged) were created as previously described. [48, 49] HEK-293 and HEK-293 transfected with a mouse GPRC6A cDNA cells [49, 50] were cultured in DMEM medium supplemented with 10% fetal bovine serum (Atlanta Biologicals) and 1% penicillin/streptomycin (P/S) (Invitrogen).
Measurement of Total and Phospho-ERK by ERK Elisa Analysis
Briefly, HEK-293 cells transfected with/without mouse GPRC6A cDNA plasmid were starved by overnight incubation in serumfree DMEM/F12 containing 0.1% bovine serum albumin (BSA) and stimulated with various ligands at different doses. ERK activation were assessed 20 min after treatment by using ERK1/2 (phospho-T203/Y204) ELISA Kit (Invitrogen) corrected for the amount of total ERK using ERK1/2 (Total) ELISA Kit (Invitrogen) to measure ERK levels.
siRNA Suppression of GPRC6A Gene Expression
For GPRC6A knockdown experiments, two short interfering RNAs (siRNAs) (19 nucleotides each) were designed from the human GPRC6A sequence (NM 148963) and mouse GPRC6A sequence (NM 153071). [51] These are human GPRC6A siRNA-514: GCCACAGGTGGGTTATGAA and mouse GPRC6A siRNA-492: GCCACAGGTGAGTTATGAA. Two siRNA hairpins were synthesized and cloned into a pSilencerTM 4.1-CMV neo vector (Ambion). A circular pSilencer 4.1-CMV neo vector that expresses a hairpin siRNA with limited homology to any known sequence was used as a negative control. The constructs of siRNA duplexes were stably transfected into human PCa 22Rv1 and mouse fibroblast C3H10T1/2 cells using Lipofectamine (Invitrogen) and were selected by G418 (Invitrogen). Successful knockdown of GPRC6A were confirmed by assessing RT-PCR analysis of GPRC6A expression. [51] 
Glucose Production Assay
Cells were washed three times with PBS to remove glucose and then incubated for 4 h in 250 μL glucose production medium [glucose-and phenol red-free DMEM containing the gluconeogenic substrates, sodium lactate (20 mm) and sodium pyruvate (2 mm)] in the presence or absence of 1 μm SG. One hundred microliters of medium was sampled for measurement of glucose concentration using a Glucose Assay Kit (Cayman Chemical). Glucose concentration was normalized with cellular protein concentration measured by DC Protein Assay Kit (Bio Rad).
GPRC6A Structural Modeling
Details of the computational modeling are given in the Supporting Information section. GPRC6A is an evolutionary fusion of a VFT motif with a classical 7-TM GPCR domain that is closely related to mGlurRs and CaSR, the calcium-sensing receptor, for which there is extensive structural information on the binding domains. [52] By combining experiment and computational modeling, we have defined the molecular and structural basis for the multi-ligand sensing of GPRC6A and established the structural basis for the action of orthosteric ligands, allosteric modulators, and antagonists of the receptor. [53, 54] We have developed GPRC6A homology models based on the templates mGluR-1/mGluR-5 for the 7-TM domain. [31, 32] We used these 7-TM models to define the structural basis for direct binding of T and Ocn to GPRC6A by combining docking studies and experimental site-directed mutagenesis to identify the residues that contribute to T [31] and Ocn [32] binding to the allosteric binding site in the TM domain.
www.advancedsciencenews.com www.mnf-journal.com Figure 1 . Natural compounds gallic acid, sodium gallate, and EGCG are agonists or antagonists of GPRC6A. A) Chemical structures of gallates and EGCG. B) Gallic acid and C) ethyl gallate stimulated GPRC6A mediated ERK phosphorylation, but not C) octyl gallate and D) EGCG in HEK-293 stably transfected with GPRC6A cDNA, but the stimulation of SG, GA, and EG were not appealed in control HEK-293 without GPRC6A cDNA. The bar graph in the bottom panels depicts the fold-increase in ERK activation in response to Ocn, T, GA, EG, OG, and EGCG in control HEK-293 and HEK-293 transfected with GPRC6A cDNA. E) SG (1 μm) stimulated insulin secretion in mouse isolated islets. Values represent the mean ± SEM. * indicates significant differences from control and stimulated groups at p < 0.05 (n ࣙ 4).
We also constructed here a model of the VFT domain, to which basic amino acids, such as l-Arg and l-Orn, and various divalent (Ca 2+ and Zn 2+ ) and trivalent cations (Gd 3+ and Au 3+ ) bind. Earlier mutagenesis studies and redocking of these amino acids in the VFT domain allowed the orthosteric binding pocket to be identified. [1] Molecular dynamics (MD) simulations of both the constructed models of the 7-TM and VFT domains allowed the identification of a conformational ensemble of these constituent domains of GPRC6A. The conformational ensembles were used for further docking studies with the compounds from the GA platform in order to probe the structural basis for the multi-ligand sensing of GPRC6A. All docking studies and the methods used for running the MD simulations are provided in the Supporting Information data.
Based on our computational modeling and empirical observations of the functional effects of modifications of a GA chemical platform, we established an effective computational protocol for generating GPRC6A antagonists. Indeed, we can now transform an agonist GA to an antagonist EGCG in the GA platform by making judicious side chain modifications ( Figure 4B ), setting the stage for a detailed understanding of the structural basis of agonist and antagonist effects on GPRC6A.
Results
Sodium Gallate and Gallic Acid Are GPRC6A Agonists
We tested the effects of a series of gallate compounds, including SG, [1] GA, EG, OG, and EGCG, for their ability to activate GPRC6A in HEK-293 cells transfected with either GPRC6A or a control vector. SG is a sodium salt of GA (3,4,5-trihydroxybenzoic acid), [1] EG is the ethyl ester of GA (ethyl 2,4,5-trihydroxybenzoate), OG is a 1-octanol ester of GA (octyl 3,4,5-trihydroxybezoate), and EGCG is ester of epigalocatechin and GA (2R,3R)-2-(3,4,5-tryhydroxyphenyl)-3,4-dihydro-1 (2H)-benzopyran-3,5,7-triol 3-(3,4,5-trihydroxybenzoate) ( Figure 1A) .
First, we compared SG with the known GPRC6A agonists, T and Ocn, for their ability to stimulate GPRC6A using ERK activity as a readout ( Figure 1B) . We observed ERK activation by 50 μm SG, 100 nm T, and 100 ng mL −1 Ocn in HEK-293 cells overexpressing GPRC6A ( Figure 1B ), but not in untransfected HEK-293 control ( Figure 1B ). There was no significant difference in the magnitude of ERK activation by SG, T, and Ocn ( Figure 1B) . We have also shown the dose dependent stimulation of GA and SG in Supporting Information Figure 1A .
Next, we tested the effects of other members of this chemical series in activating GPRC6A in vitro. We found that GA and EG, similar to SG, were able to activate ERK phosphorylation through GPRC6A-mediated mechanism, but OG, with the ester formed from 1-octanol did not activate GPRC6A at concentrations of up to 100 μm ( Figure 1C) . GA was more potent than EG, as evidenced by a nearly threefold greater increase in ERK activation at 50 μm concentrations ( Figure 1C) . None of the gallates stimulated ERK activity in HEK-293 cells not transfected with mouse GPRC6A cDNA ( Figure 1C) .
Finally, we examined the effects of the green tea phenol EGCG in activating GPRC6A-mediated ERK phosphorylation in HEK-293 cells transfected with GPRC6A cDNA. EGCG at concentrations ranging from 25 to 100 μm did not stimulate ERK activity in GPRC6A expressing HEK-293 cells ( Figure 1D ). In fact, high concentrations of EGCG inhibited constitutive stimulation of ERK activity by GPRC6A in the absence of an agonist ( Figure 1D ).
To assess the biological effects of gallate activation of GPRC6A, we examined insulin secretion in pancreatic islets that express endogenous GPRC6A and increase insulin secretion in response to Ocn. We found that 1 μm SG significantly stimulated insulin secretion compared to the vehicle in cultured pancreatic islets ( Figure 1E ), a value similar to that reported for Ocn. [32] www.advancedsciencenews.com www.mnf-journal.com 
EGCG Is a GPRC6A Antagonist
Since EGCG is an ester of epigallocatechin and GA without agonist activity, we explored the alternative possibility that EGCG might block the effects of GPRC6A agonists. We found that EGCG at 50 μm concentration inhibited the effects of known GPRC6A ligands, T (100 nm), l-arginine (Arg; 10 mm), and Ocn (100 ng mL −1 ) in stimulating ERK activity in GPRC6A expressing HEK-293 cells (Figure 2A, B) . 50 μm EGCG also inhibited GAstimulated GPRC6A-mediated ERK phosphorylation in HEK-293 cells transfected GPRC6A ( Figure 2C) .
We also examined activities of other polyphenols from green tea (Supporting Information Figure 1B) . Similar to EGCG, we found that catechin gallate inhibited, but catechin (Cat) and epigallocatechin (EGC) did not block, agonist stimulation of GPRC6A (Supporting Information Figure 1C, D) .
To further study the effects of EGCG on GPRC6A-mediated ERK activation in endogenous expressed GPRC6A cell lines, we accessed the human PCa cell, 22Rv1, and mouse fibroblast cell line, C3H10T1/2 ( Figure 3A, B) . We found that 50 μm EGCG significantly blocked the effects of GPRC6A agonists 10 mm Arg, 100 nm T, and 100 ng mL −1 Ocn to stimulate ERK phosphorylation in both 22Rv1 ( Figure 3A ) and C3H10T1/2 cells ( Figure 3B ), consistent with antagonist effects. To confirm the importance of GPRC6A in mediating EGCG antagonist effects, we used small interfering RNAs to knock down GPRC6A expression in 22Rv1 or C3H10T1/2 cells, respectively. [51] Knockdown of GPRC6A was associated with loss of both agonist response to Arg, T, and Ocn, and antagonist effects of EGCG ( Figure 3A, B) .
To investigate the effects of EGCG on GPRC6A-mediated regulation of glucose production, we performed glucose production studies in mouse embryo fibroblast C3H10T1/2 and C3H10T1/2 www.advancedsciencenews.com www.mnf-journal.com GPRC6A knock downed by siRNA cells (C3H10T1/2.si492) (Figure 3C) . We found that EGCG attenuated Ocn, a known ligand of GPRC6A, and stimulated glucose production in C3H10T1/2 cells ( Figure 3C ). We previously showed that the di-phenyl SARM compounds activate GPRC6A. [31] These compounds resemble the structure of curcumin, an active ingredient of turmeric, which has been shown to elevate serum insulin level and improve insulin resistance and glucose homeostasis in db/db mice. [55] We demonstrated that curcumin activates GPRC6A in a heterologous cell expression system, and that EGCG, a GPRC6A antagonist, blocked curcumin stimulation of GPRC6A activity ( Figure 3D, E) .
Structural Basis of Agonists and Antagonistic Effects of GA and EGCG
To examine the structural basis for the observed functional effects of GA and EGCG on GPRC6A, we performed computational MD and docking to structural models of GPRC6A. [31, 32] For these studies, we developed a new model of l-amino acid binding to the VFT motif (Supporting Information Figures 2 and 3) . Residues Ser-149, Ser-171, Thr-172, Tyr-220, and Asp-303 present in the binding pocket (Supporting Information Table 1 ) are found to be highly conserved in all family C GPCRs. Out of these, Ser-149 and Thr-172 have already been shown using mutagenesis to be important for binding these amino-acids in GPRC6A. [1] Non-conserved Gly-147, Tyr-148, Glu-170, Ala-173, Thr-216, Asp-218, Leu-278, Arg-279, Gln-280, Asn-304, and Leu-411 are other residues predicted to be important from the present docking studies, interacting with all three amino acids known to activate GPRC6A (Supporting Information Table 1 and Supporting Information Figure  4) . Out of these binding pocket residues, charged Glu-170 is specific to GPRC6A, whereas in other receptors it is present as a hydrophobic residue (alanine in CaSR) or a polar residue (serine in mGluR1). Similarly, Thr-216 is conserved in GPRC6A and glutamate receptors but not in CaSR where an alanine residue is present instead. [56] Using an MD-derived conformational ensemble of the GPRC6A VFT together with the previously constructed models of the 7-TM of GPRC6A, we computationally docked GA and the antagonist EGCG. For this, GA and EGCG were docked to each of the 18 selected structures of the VFT and 7-TM domains of GPRC6A (Figure 4 and Supporting Information Figure 4) . The MD simulations showed that the VFT domain undergoes closedto-open conformational changes, and that the open conformation (indicated in cyan and purple on Figure 4A ) increases the size of the binding pocket.
The agonist GA is predicted to bind to the VFT in the same site where the l-amino acids and gallate have also been predicted to bind (Figure 5A) . In the homology model of the VFT, Ser-149, Thr-172, and Asp-303 are important residues binding to GA in the pocket ( Figure 5B ). Glu-170 and Asp-218 are also present in this GA binding pocket. Computational modeling of GPRC6A also permits the in silico binding of compounds that may inhibit GPRC6A, so we examined whether EGCG would be predicted to bind to GPRC6A in our models (Figure 6) . Hence, EGCG was also docked to the conformational ensemble of the VFT and 7-TM do- We found that EGCG binds well in those MD snapshots in which the VFT domain is in the open conformation. Residues Glu-170 and Asp-303 are important for binding/recognizing EGCG ( Figure 6B ). Ser-149 and Thr-172 are also present in this binding pocket ( Figure 6B ). These four residues along with Asp-218 form a common group of residues present in the orthosteric binding pocket shown to be interacting with all ligands-amino acids, gallates, and EGCG.
Docking of the antagonist EGCG is particularly interesting in that binding to the closed conformation of the VFT is calculated to be very poor (score of −1.8 kcal mol −1 ), but binding to the open conformation of the VFT model (score -7.6 kcal mol −1 ) and in a MD snapshot of the TM domain (score of −10.8 kcal mol −1 ) are significantly better (Table 1) . Table 2 shows binding sites identified to potentially bind GA and EGCG compared to T. The binding site in the VFT domain is present at the interface of the two constituent subdomains that becomes open during the MD simulation, and the other binding site is located in the allosteric pocket of the 7-TM region. Different molecules are calculated to bind more strongly to one or the other site (Table 1) .
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Discussion
We show for the first time that GPRC6A is a molecular target for chemical components of green tea. GPRC6A is activated by gallates, with the rank-order of potency of SG, GA > EG > OG. The basic gallates SG and GA were the most potent agonists and limited structure-activity studies suggest side chain additions decrease activity. The estimated EC 50 for GA activation of GPRC6A is in the μm range, well within the GA blood concentrations attained after oral administration of GA or consumption of green tea. [57] In addition, GA stimulated insulin secretion in pancreatic islets that express GPRC6A, similar to the effects of the known GPRC6A ligands, l-Arg, Ocn, and T. [43, 58] The reported metabolic effects of GA are consistent with known effects of GPRC6A activation energy metabolism. [41] In contrast, we found that EGCG acts as a GPRC6A neutral antagonist. EGCG inhibited both agonist-induced GPRC6A signaling in PCa and C3H10T1/2 cells. The IC 50 of EGCG inhibition of GPRC6A is consistent with circulating levels of EGCG measured in pharmacokinetic studies. [59] In addition, since EGCG decreased constitutive activity of GPRC6A, it might also be considered an inverse agonist at high concentrations. Since GPRC6A regulates T production and PCa progression, [44, 60] the inhibitory effects on GPRC6A are consistent with known effects of EGCG to suppress T, [60] and would also provide a mechanism to account for EGCG reduction in PCa risks. Future studies in preclinical models will be needed prove that the beneficial effects of green tea on PCa progression is mediated by EGCG inhibition of GPRC6A.
Although EGCG inhibited Ocn activation of GPRC6A, we would expect that EGCG administration would inhibit GPRC6A leading to impaired glucose homeostasis, since loss-of-GPRC6A leads to glucose intolerance and hepatic steatosis. [41] However, oral administration of EGCG to animal models is paradoxically associated with improved glucose tolerance, improve insulin sensitivity and reduced hepatic steatosis, [61, 62] effects consistent with GPRC6A activation rather than inhibition. This suggests that conversion of EGCG to the GPRC6A agonist GA by degalloylation may account for the observation that EGCG, like GA and Ocn, can improve glucose metabolism in vivo. [28] Additional in vivo studies are also needed to examine whether GA effects on glucose and fat metabolism and EGCG effects preventing PCa progression are lost in Gprc6a −/− mice. The constructed computational models show differences in the binding of the GA and EGCG that may account for their respective agonists and antagonist effects. It has been suggested that there is an equilibrium between an inactive open-open (dimeric receptor with open VFT in both monomers), and an active open-closed/closed-closed (dimeric receptor with closed VFT in one or both monomers) conformation of GPRC6A. [56] Our VFT conformational ensemble also provides a tentative relationship between the opening of the VFT hinge and antagonistagonist behavior.
The agonist GA is found to bind well to a conformation of the VFT in which the two subdomains of the VFT are relatively close to each other. In contrast, if the two subdomains are separated, that is, if the VFT hinge is open, GA is calculated to not bind well. In contrast, EGCG, a larger molecule exhibiting inhibitory properties for GPRC6A, is calculated to bind well to the "open" VFT conformation, but not to the "closed" species ( Figure 6A ). This illustrates how internal protein dynamics plays an important role in ligand binding strength and specificity. We hypothesize that binding to the closed structure of VFT is associated with agonist properties of ligands, while binding to the open structure is associated with antagonist activity (Figures 5 and 6) .
EGCG is predicted to bind to both the gallate binding site and the T binding site. These two binding sites form the conserved orthosteric [56] and allosteric binding sites, [63] respectively, observed in the family C GPCRs. Differences in binding/interactions of this molecule in these two sites compared with the binding of the agonist molecules (Table 2 ) may allow it to act as an antagonist by stabilizing the inactive forms of the VFT or the 7-TM domains that prevent downstream signaling.
Finally, based on our computational modeling of the GA chemical platform, we have now established insights in to how to Table 2 . Calculated binding site for T, GA, and EGCG based on best Vina docking scores. transition from agonists to the antagonist EGCG by making judicious side chain modifications ( Figure 5 ). Table 1 shows binding sites identified to potentially bind T, GA, and EGCG. These observations allow some speculation regarding understanding and optimizing the medicinal effects of green tea. First, it suggests that green tea is a mixture of bioactive compounds with opposite physiological effects on glucose homeostasis. If so, the composition of GA and EGCG may determine the net biological effects of different tea preparations [64] and account for the disappointing clinical effects of green tea consumption. [65] Second, the conversion of EGCG to GA by the gut microbiome may also contribute to the variable metabolic responses to green tea observed in clinical studies, and inhibition of EGCG metabolism may be an alternative way to regulate the ratio of EGCG and GA. [28] Potential interactions with endogenous ligands could also influence the timing of green tea consumption to optimize its biological effects.
Finally, new agonists and antagonists for GPRC6A may be designed based on GA and EGCG pharmacophores with greater efficacy, specificity, and reduced toxicity. Indeed, GA derivatives can have mutagenic and cytotoxic effects that can be mitigated by alkyl gallates with side chains varying from five (pentyl gallate) to eight carbons (OG). [66] We found, however, that OG lost GPRC6A agonist activity, but that a biphenyl series of 3-phenoxy-2-hydroxy-N-[4-nitro or cyano-3-(trifluoromethyl) phenyl] propanamide compounds acts as agonists for GPRC6A. [32] These new compounds may also be more selective by lacking biological effects of green tea that are GPRC6A-independent. [67] [68] [69] [70] In conclusion, we have identified that GPRC6A is a molecular target for GA and EGCG components of green tea. The different agonist and antagonist actions of GA and EGCG on GPRC6A activity may account for the differential biological effects of green tea in improving energy metabolism, regulating sex hormone production, and reducing the risk of PCa. Knowing that green tea contains chemical components with opposite effects on GPRC6A activity, and emerging knowledge of GPRC6A's role in multiple biological processes may help guide the design of more robust clinical studies to evaluate the beneficial effects of green tea and its components. Knowledge of the structure-activity relationship between green tea components and natural ligands sets the stage for the development of novel, more effective and safe compounds that activate and inhibit GPRC6A.
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